M uscle spindles, innervated by Ia and II afferents and γ efferent fibres, provide information on muscle stretch and velocity and contribute to the sense of limb movement and position. 1 Such afferent activity comprises part of the sensory feedback required for motor learning.
Transcutaneous vibration of muscle tendon or belly at 50-120 Hz stimulates muscle spindle primary endings, thereby inducing the tonic vibration reflex. 1 The long latency, slow developing tension, and sensitivity to anaesthesia suggest that polysynaptic pathways, including descending cortical influences, have a part to play in the evocation of muscle contraction by vibration. [2] [3] [4] Vibration of a muscle while it is immobilised elicits an illusionary sensation of movement whereby the muscle undergoing vibration is perceived to be stretching 1 (vibration induced illusion of movement, VIIM); in the case of the biceps muscle the elbow is perceived to be extending.
Microneurographic recordings have shown that the origin of the vibration induced illusionary sensation of movement lies in the Ia afferent fibres. 5 Immobilisation of the arm minimises afferent input from the joint capsule. When the arm is relaxed, group Ib and group II afferent and γ efferent activity are also minimised. 1 6 Activity from cutaneous afferents contributes minimally to the illusion of movement in such circumstances, and abnormal perception of activity of none of these receptors is likely to influence VIIM in the relaxed, immobilised arm.
We have previously demonstrated that despite an apparently normal tonic vibration reflex, perception of vibration induced arm movement is impaired in patients with idiopathic focal dystonia. 7 In addition, perception of VIIM is subnormal in dystonic patients compared with healthy volunteers and patients with idiopathic Parkinson's disease. 8 Therefore, these findings implicate widespread abnormal processing of Ia afferent activity in the pathophysiology of idiopathic dystonia. Because of the role of repetitive movements in triggering some forms of focal dystonia (for example, writer's cramp and musician's cramp), we examined the effects of fatigue on VIIM in dystonic patients.
METHODS
Written consent was obtained from all participants and the South Sheffield research ethics committee approved the experimental protocol.
Participants
Patients with idiopathic dystonia were recruited from the movement disorder clinic at the Royal Hallamshire Hospital in Sheffield, UK. Healthy controls were recruited from volunteers and spouses of dystonic patients. No patient or control subject had psychiatric or other neurological impairment. All patients had idiopathic torticollis, and one patient also had axial dystonia (table 1) .
Twenty one patients with torticollis were studied-15 with head rotation to the right and six to the left. Eight were receiving botulinum toxin injections every three to six months, divided between the sternocleidomastoid and posterior cervical muscles, and 14 had been tested previously. Twenty patients were self declared right handed and one left handed.
Eighteen healthy controls were recruited. Fifteen were self declared right handed and three left handed. Twelve had been tested previously. None had diabetes or a family history of dystonia.
Experimental design
The perception of VIIM evoked by vibration of an immobilised arm was tested as reported elsewhere 8 ; modifications of the technique are described briefly here.
The blindfolded individuals sat comfortably at a table with one arm placed in a custom made polypropylene splint, with the elbow flexed to approximately 100°(vibrated arm). The volunteers were instructed to flex the opposite (tracking arm) until they felt both arms were parallel. The participants were asked to relax their arms, while maintaining arm position, and Abbreviations: VIIM, vibration induced illusion of movement relaxation of the vibrated arm was confirmed by surface EMG recordings. Electrical silence of the surface EMG was obtained before starting the vibratory stimulus. An 80 Hz frequency, 0.5 mm amplitude vibration was applied transcutaneously to the biceps brachii tendon just above the elbow joint for 45 seconds, using a battery operated vibrator (FertiCare personal, Multicept A/S, Horsholm, Denmark). The volunteers were asked to copy accurately the sensation of movement they perceived in the vibrated arm with the tracking arm.
Participants' strength was estimated using a dynamometer and dumb-bell weight (1-5 kg) selected depending on their strength, to ensure gradual fatigue of the participants' muscles. Volunteers then performed repeated biceps curls until they felt they could no longer raise the dumb-bell. The test was repeated twice in each arm. As the biceps muscle recovered strength, participants were instructed to raise the weight again in between the tasks to maintain fatigue. The arm that was vibrated first was selected randomly.
The change of elbow angle in the tracking arm as a result of the VIIM in the vibrated arm was recorded using a digital camera and measured on the digital images using Adobe PhotoShop software. The perception of illusionary movement was measured as angular displacement of the tracking arm from initial to final position during the 45 second test period.
Statistical analysis
Paired and unpaired t tests were used, where appropriate. Statistical significance was determined as p < 0.05. Values are shown as mean (SEM).
RESULTS
The mean initial elbow angle of the tracking arm was 35.10 (1.22°) for dystonic patients and 37.07°(1.56°) for control volunteers. There was no difference in initial elbow angle between dystonic patients and healthy control volunteers before or after fatigue (controls: 37.70°(1.27°); dystonic patients: 34.34°(1.16°); p > 0.05, unpaired and paired t tests).
Vibration of the biceps brachii tendon induced a perception of illusionary movement bilaterally in all healthy control volunteers, which they tracked with the opposite arm. At the end of the test, extension of the tracking arm was less in dystonic patients than in the healthy volunteers, at 19.04°(1.76°) v 28.56°(1.66°), p < 0.01 (unpaired t test).
After fatigue, the illusion of movement perceived by dystonic patients increased (to 24.25°(2.42°)) so that it did not differ from that of healthy control volunteers (26.91°( 2.20°); p > 0.05, unpaired t test). The perception of movement after fatigue of the vibrated arm increased significantly in dystonic patients compared with their perception before fatigue (p = 0.01, paired t test). This was not observed in healthy controls, who showed no significant effect of fatigue on the perception of illusionary arm movement.
DISCUSSION
We previously described accurate position sense but impaired perception of the tonic vibration reflex on vibration of the unrestrained biceps brachii tendon in patients with idiopathic focal dystonia. 7 In a subsequent study, 8 we reported subnormal VIIM that occurs when the vibrated arm is relaxed and immobilised, implicating abnormal Ia muscle spindle sensorymotor processing in the pathophysiology of dystonia. This is likely to occur as a result of the brain's attempt to interpret Ia afferent activity in the absence of fusimotor drive to the muscle spindle. 5 6 Two possibilities may explain the increased sensation of illusionary movement following fatigue in dystonic participants: subnormal muscle spindle responsiveness to stretch improving with fatigue of the muscle, or subnormal responsiveness of the central nervous system to normal Ia afferent input improving when the muscle is fatigued.
The abnormality of perception of VIIM is found in the relaxed, immobilised biceps, and is corrected by fatigue even when the fatigued vibrated muscle remains relaxed. As γ efferent activity is minimal in the relaxed state, 6 it is unlikely that the change in perception of the stimulus after fatigue can be attributed to a change in the γ loop gain. One possible explanation for these observations is an underlying abnormality of muscle spindle elasticity. Explanations of these results based on central mechanisms may also be plausible-for instance, a differential response of the γ loop to fatigue in dystonic and non-dystonic participants, alterations in premotor cortical activity as a result of fatigue, or spinal modulation of peripheral input.
Abnormalities observed in dystonic patients during stretch reflexes 9 10 and during the vibration induced sensation of arm movement 7 8 suggest reduced sensitivity to vibration and delayed cessation of activity of the muscle spindle, so that activation of Ia afferent fibres continues for a prolonged period after cessation of stretch. 10 Our results show that impaired sensitivity to muscle stretch occurs bilaterally and remote from the location of dystonic symptoms.
A conditioning contraction of skeletal muscle increases muscle spindle sensitivity to subsequent muscle stretch. 11 In dystonic patients, we propose that, after stretching as the muscle fatigues, relatively inelastic nuclear bag fibres in dystonic muscle can alter their response characteristics more markedly than in normal individuals, and for a prolonged period increase their sensitivity to vibration. Although gross muscle spindle histology appears normal in dystonia, 12 this does not exclude a subtle abnormality of elasticity that may be genetically determined. 13 We speculate that it is the adaptation of the brain to the change in Ia afferent response in fatigued muscle that triggers dystonic symptoms. Abnormalities of motor programmes in dystonia have been reported previously elsewhere. [14] [15] [16] Development of dystonic symptoms would depend on "training" a motor programme in the fatigued state, which may then "corrupt" and remain fixed regardless of the state of fatigue of the muscle. The motor programme output for the dystonic muscle would then be appropriate for the fatigued state but excessive in the non-fatigued state. This would account for the brief improvement in symptoms in occupational dystonia after fatigue of the affected part. 17 This mechanism would explain the development of dystonia after overuse of a muscle group or the prolonged maintenance of an abnormal posture, such as occurs in writer's cramp or musician's cramp. 
